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Research Objectives

The goal of this program has been to obtain some or all of the follow-
ing informgtion regarding highly excited vibrational levels of 03:

1) Total photon energy uptake in Coz-laser-pumped 03; intensity
and pressure dependence.

2) Detailed vibrational state popﬁlations in multiple-infrared-
photon excited 03.'

3) (v1v2v3)+(vi vi vi ) transfer rates as a result of collisions.

4) Spectroscopic description of high ground-state vibrational levels.

5) Vibrational level populations in 03* (132).

6) Hartley band dependence on ground-state vibrational energy content

7) Rotational relaxation times in 03-M collisions.

8) (v1v2v3)- dependence of Einstein A and B coefficients for
Avi = -] transitions (i =1, 2, 3).

Questions (3)-(5) and (8) are applicable to interpretation of the
infrared chemiluminescence (COCHISE) experiments: question (6) is appli-
cable to estimation of photodissociation cross-sections for "hot" 04 in
the upper atmosphere.

Experimental approaches have included infrared-ultraviolet double
resonance using a pulsed CO2 laser and a broadband c¢.w. u.v. source, and
Coherent Anti-Stokes Réman detection of ozone in vibrationally excited
states.

The results of the i.r.-u.v. double resonance experiments are reported
in journal publications reproduced on pp. 2-7 and 14-22; a spectroscopic
model for interpreting results will be found on pp. 8-13. Two additional
sections describe ongoing CARS experiments on 03, and an assessment of

14N15

the contribution of N to upper-atmospheric radiation.
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VIBRATIONAL ENERGY TRANSFER IN OZONE
8Y INFRARED-ULTRAVIOLET DOUBLE RESONANCE
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AblotptionMenuu2S¢mhnhenohemm0rozhhtumfmmlmkndm“’“um From
awﬁhdmm mmummmmmmmmm(o,-ozn. O] =
(2560*370)'!‘«7 s ! 43710} = (6402 50) Torr 's~" . and ¢80 a v, -v, equilibration rate constant (03-0;) of (1.5

1.0)x 10° Torr ' s

1. lntreduction

In recent years, a great interest in the study of
vibrationally excited ozone has developed, particu-
larly because of its possibie role i stratospheric
chemistry®. Conveniently, vibrational excitation of the
asymmetric stretching mode »3 of ozone may readily
be induced by CO: laser irradiation; multipie-photon
excitation amd dissociation following such irradistion
have recently been reported {2) Nuwerous stedics
using laser excitation have been carried out to
determine the kineties of vibrationsl energy flow in
ozone and quenching by various collision partners.
Most of the kinetic information %0 date has been

~ obtained by either itfrared flworescence [3-6] or by
chemilahinescent

an inditect method dased on the ¢ \
reaction of vibrationally excited osone with NO [7-
9]. Recently, 4 new techitique has been reported [10]
wing time-resolved uitraviolet absorption spectros-
copy at 310 nm following CO, laser irradiation
(IRUVDR). it was pointed out that the inhetent
advantages of IRUVDR are high signai-to-noise
ratios and fast time nesponse. However, the rate
constants obtained in that study were ot unam-
Wimummnmmnndm

* For & recent review of ozone photochemistry and spec-
troscopy, see ref. (1],

R
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In this paper we report an IRUVDR experiment at
254 nm (near the peak of the Hartley continuum)
which yields rate constants for aff of the esergy

transfer processes in opone, namely,

02 (001)+M %’-—Lo;(mmm. M)
073©01)

oz om}'*" F=0j010+M, @
and

03 (010) + M — 0,(600) + M, @)

. where M = O, or an added buffer gas and the & refer

to firt-Grder rute constants. The buffer gas used in
this study was oxygen, both for convenieace and
because the literature i most extensive for M= 0,
{3,5,7,8]. Values of the second-order rate constants
for 03-O, coltisions, &%2/{0,], were obtained for
proctsses (2) and (3) and were found to display both
high precision ansd good agreement with previows lit-
ersture values. The current work, while not of
sufficicnt pretision 10 permit more than rough esti-
mates of the rate constants in (1), does represent the
first reported observation of that kinetic process.
The rationale for using UV absorption spectros-
copy to probe vibrational energy content in ozone has
been discussed by McDade and McGrath [10); in
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essence, vibrational excitation leads to a change in
the extinction coeficient at a given wavelength. The
absorption spectrum of a particular vibrational level
is as yet unknown, aithough a spectral analysis has
been conjectured by Simons and others {12, 13],
based on the temperature dependence of the Hartley
continuum absorbance. Two points do seem clear:
firstly, the (010) level has the same or nearly the
same extinction coefficient as ground-state ozone,
particularly at the peak of the spectrum near 254 nm;
secondly, the combined (100) and (001) levels
(roughly equal in population st and above room
temperature) have a much broader spectrum, heace &
greatly decreased extinction coefficient at 254 nm
compared to ground-state ozone. Thus, the expec-
tation is that CO; laser irradiation induces a transient
decrease in the absorbance at 254 am, roughly in
proportion to the combined (100) and (001) lovel
populations, which are assumed t0 be in thermal
equilibrium shortly after the laser pulse. This prodic-
tion has been borne out by the current experiments.
A contribution to the transient which arises from
translational hesting hes been observed by McDede
and McGrath [10]); we also obecrved this effect in
ozone-oxygen samples containing more them 10%
ozone. To simplify our rate constant measurements
we confined ourseives 10 more dilutc mixtures,

_z.w

A schematic diagram of the apparatus is shown ia
fig. 1. The IR/UV sbeorption cell was s pyvex cylin-
der 20 cm long and 2.5 cm wids fitted with NoCl end
windows and UV-grade quartz side windows through
which the UV beam was pasesd transverss o the IR
beam. The coll was filled with s static sample of from
S to 50 Torr of 2 1% to 10% mizture of csons in
oxygen. The ozone was prepered from a silent dis-
charge ozonizer and stored on & sllica gel trap at
195 K. The oxygen diluent also derived from the cold
trap and thus was free of moisture. The total pressure
in the cell was measured by a U-tube manometer
filled with Halocarbon 100/100 oil, and the ozsone
concestration was monitored by UV absorption. The
UV sourcs was & Heath EU-701-50 deuterium lomp
fitsed with & 253.7 nm interference filter. The IR
pules was provided by a Tachisto Tac 11 TEA CO,
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PFig. 1. Schematic diagram of experimental spparstus.

laser operating on the 10°0-02°0 P(30) line, giving
typically 0.4 ) in s duration of =100 ns (fwhm).
‘The output from the photomultiplier tube
(RCA 1P28) was fed across 3 varisble resistance
(=1 kf}) %0 a Diometion 820 waveform recorder
WDIMMHMM
performed signel averaging, display, and analysis®.
Typically 50 to 200 laser pulses were averaged per
data poist. The time respomse of the electronics was
estimated to be 0.2 us. Signal analysis was accom-
plished by digital smoothing followed by a non-linear
Jeast-squares fitting procedure.

3. Results end dscunion

Typical OO, leser-induced absorbence transients
are showa in figs. 22 and 2b. Ia fig. 2a the transient
treaches a maximam valwe after an “induction time”
(fmes) Of about 3 us and thea decays according to the
time evolution of the combined (100) snd (001) level
populations, described by a
function [3). The solid curve is a 3-parameter lemt-
squares it 10 that fenction. In fig. 2b, taken at lower
pressures of Oz and O, the “induction time” is
abowt 9 us, indicating that it arises from a kinetic

* A description of the transient recorder-computes interface
may b found in rel. [13)
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Fig. 2. Typica) laser-induged sbeorbence transionss in ozone
st 254 am. (s) Experimentsl snd calcilated transionts 8¢
(03] =29.5 Totr, [Oy)=0.54 Torr, showing dowtle -~
exponential decay. b)Wldmw-
mm"l..mwm 1n bath teaces the

process rather than an instrumental offect. We
pnmthhmbbcthchutm#u,qdhl
tion step.

_The first-order rate constants k) and &; were
determined from selected traoes such as in fig. 22
where the signsl-to-noise ratio was good enough
and the observation time was sufliciently long that
bosh compone:zis of the decay were well determined.
The main coatribution t0 the observed rates is due $o
05-0; coliisions under our experimental conditions.
m»mwummo,—ozmm
{bisnolecular) rate constants, &P%1/{0,), by
subtracting from the fisst-order rate constants and
contrfbutions arising from O3-O; coffisions, as csl-
culated from literature rate constants {4). It was
sssumed that at the total pressures used the influence
of both diffusion and spontancous radiative decay
may be neglected.

o
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Twoqmﬁhwmhmnlmdtoﬂumw
mccommhudkzmh and A3 .thumm
lifetimes associated with the two exponentisl decsy
components; the relationships betweon these quan-
tities are given by Rosen and Cool {3} Correspond-
mdynhbdtothcneond—otdnmommnum
the second-order inverse lifetimes (A$3"%2)7/[Q;)
and (A3 ’%)"/[%].dmmmmuwm
lwobnnthcmmteommalymmmdbym
workers. We computed these second-order inverss
lﬂemlmowhmmmwmm
ate constants determined sbove.

It was found that, using the shove analysis, 3
systematic error sppeared in the sccond-order
constants, samely, » slight decrease (~20%) at high
total pressures (30-50 Torr). As high pressures are
correlsted with high degrees of iaser excitation, we
presume that the problem is caused by the population
of vibrational levels having v > 1, The kinetic equa-
tion must be corrected to account for vibrational
energy contained in those high-lying levels and the
effect of those levels on the extinction coefficient at
254 nm must be estimated. The first correction
consists merely of the replacment of excited oeone
population by total excess vibrationsl ensrgy
contained in the »; and »3 manifolds {3, l‘].'ﬂle
second correction is not readily determined as it
involves knowledge of the Hartley continuum spec-

troscopy of high v levels. However, a M-nrﬁhl
spproach is available. Simons and others (11, 12)
bave modelod the Hartley continuum using & quasi-

diatommic picture in which the specirum depeads
mdnlyontllevlbnuonﬂmgymminmm

[do;ah]o’d rather well by the Sulzer-Wisland equation
16,16

Ar=AdB)o/(B)r])', )
vbete(&)rilthemnvibmiondwmm

absorbance at that temperature. Tonolydﬁsnm
to ozone, £, mwbeundmmduthumnpew;y
contsingd in the », manifold or, alternatively, the

roughly equal quantities of energy contained in either v3
or the hypothetical mode 7 = (v, +,)/2 definod by
Rosen and Cool [3]. We have used og. (4), with the
approximation of the doubly degenerate mode 7 as

481
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wo :
- defined above, for an improved analysis of our data. Our "
i results (table 1 and fig. 3) show that this method of A A\
;.4:.1 analysis does indeed remove the systematic rate 4
X _ constant error described above, as evidenced by the i IR
I absence of any pressure dependence of the second-order $ N \
B inverse lifetimes (ﬁs. 3)- Ty ! Average:2560
It must be cautioned, however, that the observed % A
empirical success of the Sulzer-Wieland equation as £ 2000 A
applied to ozone in no way implies the correctness of 3 LA s
the quasi-diatomic spectral model. We are currently -
carrying out a more accurate treatment of the ozone % [
spectrum [17] based on both wavelength-dependent 2
experiments and ab initio calculations [18]. Prelim- % 1000} - A
inary indications are that the quasi-diatomic model @ g . %0, ) -
is substantially incorrect. verage i640
The current values for the O3-0, bimolecular rate '
constants and inverse lifetimes may be compared to R i
previous literature values (table 1). Our value of [02] o)
(A$92)"' /[02] agrees excellently with the deter-
mination via IR fluorescence by Rosen and Cool {3], Fig. 3. bimolecular inverse lifetimes 1" 2/[0;) and
but is substantially larger than values obtained by A2¥%/[0,), denoted by O and A, respectively.
Kurylo et al. [7] and West et al. [5]. However, it has
been pointed out that the NO chemiluminescence
" technique used by Kurylo systematically under- progressively inaccurate as the decay proceeds to
estimates the true decay constant A3, especially for longer times.
low values of a = k,/k3 [9]. Using our current « The accurate determination of k3 and k,, from
value of 1.6 one expects about a 25% error in the initial portion of the transient (see fig. 2b) was
Kurylo's measurement. There is also reason to hampered by the poor signal-to-noise ratio at short
believe that the West [5] measurements of both Az’ time scales and by tf interference caused by the laser.
and A;® via IR fluorescence are also too low, as their The expected shape of the transient would consist of
analysis relied on an approximation valid only in the a nearly instantaneous absorbance change associated
limit of high laser excitation [3), a condition which with the laser-induced population of the (001) state,
was not experimentally verified and which becomes followed by a second absorbance change occurring

over several microseconds which would be associated

with energy transfer to other levels within the »; and

Table 1 ' v3 manifolds, principally (100), until equilibrium

Comparison of values for the O3-O; second-order rate within these manifolds is established. The observed

constants and inverse lifetimes (Torr 's ) traces (fig. 2) are consistent with this model as far as
' o - can be determined. The magnitude of the instan-

This Rosen  Kurylo ~ West taneous absorbance change is masked by the laser

o)
work % (3] ctal. (7] etal.[3] noise but it is certainly smaller than the maximum
absolute value of the transient, since absorbance

k,/[0,] 16702370 -~ - 12004+ 600 decreases as the », == v, equilibration proceeds. An
:1%&} zm:;},g - - l::g:ig"‘ immediate conclusion which may be drawn is that at
A/[0:] 640E50 6252125 425240  430%110" (2::1')“;“::': (100) state is more transparent than the
® Brrors are 95% confidence limits. Given the poor quality of the data we have not
* From published values of k,/[O;] and k2/[O2]. attempted to fully model the transient. Instead, we
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SUM RULES FOR MOLECULAR ELECTRONIC SPECTRA:
APPLICATION TO EXACT AND REFLECTION PRINCIPLE SOLUTIONS

S.M. ADLER-GOLDEN

Departineint of Chemistry, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139, USA

Received 13 July 1981

Sum rules for overlap integrals are presented which give the width and mean frequency of an electronic spectrum as 2
function of potential curves and internal Gmtgy.‘txm quantum mechanical results are compared with both the tradditional
reflection principle and a modification of it which conscrves momentum. Applications to real spectra, particularly continu-

ous absorption spectta of small molecules, are discusied.

1. Introduction

The intensity distribution in molecular electronic
spectra is generally given by the Franck—Condon inte-
gral, the evaluation of which is sufficiently inconve-
nient that approximation methods and qualitative ar-

absorption spectrum and blue-shifts an emission spec-
trum [4--6].

ldeally, principles by which electronic spectra are
analyzed should derive from exact quantum mechan-
fcs rather than approxiswtions. In this paper sum
rules for overlap integrals are presented which yield
exact quanturn mechanical expressions for the width
and mean frequency of an electronic spectrum with-
out requiring the actusl computation of the overlap
integrals. Previous work in this areu [S] relied on the

reflection principle, which led to incorrect results. In
addition, exact and approximate expressions for the
overlap integral, including two distinct forms of the
reflection principle, are compared via the sum rules,
and applications of the theory to experimental spectra
are discussed.

e guments are often invoked. As a first approximation,

o one frequently assumes a constant ele¢tronic transi-

‘-, tion moment, reducing the problem to the computa- 2. Distomic molecules

= tion of the squared overlap integral, |(V¢|¥;)12 [1],

::',?-,5 where Y, and V¢ denote initial and final rovibrational Let V{q) and V;(q) denote final and initial effec-
A4 wavefunctions. A second, more drastic approximation, tive potential functions of coordinate ¢, and define
T such as the “reflectiont principle” (**delta function ap- &V = V(q) — Vi(q). Define

= proximation”) {2,3] is often used to evaluate the over-

N lap imtegral. Qualitative arguments have been dérived Wy = 22 Kygly )20y,

e from the reflection principle, as, for exantple, the f

t‘ :’o:“m :;‘ gb?::?o::lt :;’;’:‘;:‘;umt:;zm namely, the mean or expectation value of (Av)"* for ‘

the clectronic spectrum arising from the rovibrational

level i. (To compute the mean from a spectrum, the

intensity must be converted to an overlap integral .
squared by dividirg by an appropriate power of (hv),

and by assuming a constant transition moment {1}.)

The sum rules are:

For shorthand we may denote the right hand side as
((AV)Y™"). The proofs derive from elementary operator

n=12ony. (1)

The U.S. Government Is authorized to reproduce and sell this report.
Permission for further reproduction by others must be obtained from
the copyright owner.
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Fig. 1. Model potentials, ¥; * ¢2/2, V't = (wf/wp?(q - 6)*/2
+ C. Energy and distance are dimensionless (énergy is in units
of Bwj).

algebra (see appendix), yet the existence of these iden-
tities appears to be unknown to the general spectro-
scopic literature.

Eq. (1) yields both the mean frequency, (hp), and
the variance, 02 = ((W)2) ~ Uw)2, of the spectrum.
The quantities on the right hand side are readily eval-
uated matrix elements, For example, with harmonic
oscillator potentials (refer to fig. 1 for definitions of
8 and C) the results are

(o)1) = 3E(R — 1)+ RE22 + C, 2a)
mwg-z«;.m =(R62/2 + C)2

+E{[(R ~ 1XR82(2 + C) + (R8)?]

+§E + DR - 11, (2b)

where E; =v' + 1/2, the initial vibrational energy in
dimensionless units, and R = (cogfes;)?, the ratio of
curvatures in the final and initial states; wy and w; are
the corresponding vibrational frequencies.

3. Quallitative aspects

Several conclusions are readily apparent from egs.
(2a) and (2b) regarding the influence of internal ener-
gy on a spectrum. It is seen from (2) that vibrational
energy in the initial state affects the mean frequency
sccording to the relationship between the ground and
excited state curvatures. If w; = w¢ the mean fre-
quency is invariant. However, vibrational excitation
always increases the width of a spectrum. Isotopic
substitution will affect the shape of the spectrum by

. e
.......

....

changing the vibrational energy content, essentially
by altering the zero point energy. Rotational energy
plays a somewhat different role. In the Q branch ap-
proximation (AJ = 0), which works quite well for dif-
fuse spectra, AV is unaffected by rotational energy,
as the same centrifugal terms appear in both effective
potentials, V; and ¥;. However, y;(q) is shifted to a
longer distance, thus (hv) will shift according to the
behavior of AV at that distance. :

The sum rules are most useful for continuous,
bound-free spectra, where the lack or vibronic struc-
ture precludes a conventional analysis. We must re-
place the sum by an integral in the definition of
(A" ; L.,

@ = [ Kpghvp Rowy dE,

where E is the (continuous) final state energy and the
final state wavefunctions are appropriately normalized.
Eqs. (2a) and (2b) for harmonic oscillators may still

be used, provided that ¥ as well as ¥; may be ap-
proximated by a quadratic function in the Franck—
Condon region. The value of w; chosen for the final
state should be that for the best quadratic approxima-
tion to Vg in the Franck—Condon region, regardiess

of whether ¥, is bound or unbound.

4. Polyatomic molecules
Several assumptions are required to apply this

treatment to polyatomic molecules. Let the initial
and final potential functions be given by, respectively,

V= é:x Vil

Vi=Vi+C+ kéAVk@k)’

where g, is one of a set of / normal coordinates refer-
enced to the initial state equilibrivin geometry. Let
the wavefunctions be separable according to

/
V= }jl Vi(as), V= &l:ll Valax)

-------------- - - .. v e 7
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and the total energies be expressible (in dimensioned
units) as

El' T+ Vi.él (Vi + 1‘,‘),

E;=T+ V,-c+‘)51(v,',mv,or,), &)
where T, denotes the A-coordinate kinetic energy
operator, It may be shown that the sum rules associ-
ated with the total overlap integral squared are

{(w-Cm™ =« é AV;)’.> , . a=1,20nly. (4)

The right hand side is decomposable into a sum of
bracketed quantities which may be computed from
¢q. (1). For example, the mean and variance are given
by

hv) = kﬁ)l AV +C,

b
gc = Ogs
kk

=]

where
0} = AV — avp?,

Thus, as with the diatomic case, the spectral width
and mean frequency may be readily computed with-
out overlap integral evaluation. _

S. The reflection principle

The reflection principle expression for the overlap
integral squared for a diatomic molecule is [3]

Kipclyi2 ~ 1y (q)itidv,/aqi-t %)
.’ where iy and q are rélated by iv = V,{(q) - E;. One
. way to assess the accuracy of this expression is to use
e it in computing the mesn frequency and variance and
S compare the results with the exact sulution, eq. (1)
b For example, let us consider the dmple model in
s which ¥, s linear, ¥ = 82/2 - ¢8. Eq. (1) gives
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Chwdhoo, = 82/2 — (v’ +1)/2 for the exact overlap in-
tegral, while the reflection principle predicts (hv)/fc;
= §2/2 — (' +§). Clearly, the reflection principle errs
substantially, especially in its prediction of the mean
frequency at high v levels.

The source of these shortcomings of the reflection
principle lies in its incorrect treatment of momentum.
The physical interpretation behind eq. (5) is that the
electronic “jump” occurs vertically at a particular in-
ternuclear distance g to the final state whose turning
point is at g. The final state momentum at g is there-
fore zero, regardiess of the initial state momentum.
The reflection principle thus violates the conservation
of momentum, a principle whose applicability to elec-
tronic spectra was stated by Mulliken [7] and has been
confirmed by semiclassical calculations [8]. To con-
serve moinentum one must require that the jump ter-
minates instead at a state having energy £ such that
its kinetic energy, Ep — V(q), equals the initial kinetic
energy, £; — Vi(g). This modification leads to an alter-
native reflection principle expression,

Kielwp 12 = |yy(q)I121dAaV/dq!-?, )

where kv = AW(q). This modified reflection principle
has the interesting property that, when used to com-
pute mean values ((J»)*) for continuous spectra, eq.
(1) is satisfied for sl n. That is, the modified reflec-
tion principle correctly predicts the mean frequency
and width, but fafls to correctly predict quantities
((A»)?), stc. For discrete spectra, eq. (1) is not strictly
satisfied, since quantization of Ay restricts AV{g) to
discrete values, aithough it is inherently a continuous
variable,

6. Bhntrations
Example A. Harmonic potentials: w3 * w¢,v' = 0.

The exact overlap integral squared for this model
using the initial ground state wavefunction is the
Polsson distribution function [9]

2

Kl 2 = fﬂn(%f B%i' @

where v is the final state vibrational quantum num-
ber. The reflection principle solution (RP) is

............
R
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Fig 2. Overlap integral squared versus final state vibrational
quantum sumber for wy = w;, § = 6. —— = exact solution,
~—== = RP approximation, ...... * MRP spproximation,

2 o xp{=[8 - (1 +2")12)2} ®)
Kiglyp)i2 ~ — b"*)] B

and the modified reflection principle solution (MRP)
is the gaussian function

K*fwli)'z ~ P [“(:I%;z ””,6)2] . "

In fig. 2 we display results for ¢ = 6. While as-ex-
plained earlier the MRP yields a slightly more accurate
value of the mean frequency than does the RP, both
methods are comparable in terms of overall accuracy.

Example B. The Sulzer— Wieland equation

The Sulzer—Wieland equation [10,11] gives a
simple relationship between the shape of the absorp-
tion spectrum of a diatomic molecule and its vibra-
tional temperature. It states that the spectrum is
gaussian, having 02 proportional to E,,, the mean vi-
brational energy including zero point energy.

Although previously derived from the reflection
principle using the linear ¥; model discussed previ-
ously, a much more satisfactory derivation is ob-
tained by instead applying the MRP to the harmonic
oscillator model of example A. Indeed, for that

model the proportionality of 02 to mean vibrational
energy is rigorous: for a distribution of vibrational
levels whose population in level v’ is P,;, we have,
from eqs. (2a) and (2b),

02 = ZPy(o, 1 = Dy’ + )62(hy? = 825, (10)

This relationship clearly holds even for non-
Boltzmann distributions.

Example C.» Continuous spectra of halogens

As noted previously, the overall shape of a spec-
trum is largely unaffected by the behaviour of the
potential functions outside of the Franck—Condon
region, so that overlap integrals applicable to discrete
spectra may also be used, with suitable modification,
for bound-free spectra, or vice-versa. For example,
the potentials in example A can be applied to a con-
tinuous spectrum, such as the visible spectrum of Bry,
by substituting the Stirling approximation for n! into
eg. (7) in order to extend its application to non-inte-
gerv”. (The Bry potentials strongly resemble those in
example A in the Franck~Condon region.) The result-
ing expression is a good approximation to the correct
overlap integral, as confirmed by the fact that the dis-
crepancy between it and the RP exprestion {eq. (8)],
S5%, is the same as that found between the exact and
RP results in the Br, calculations [11].

Example D. Diffuse spectra of polyatomics: simple
models .

The Sulzer—Wieland result discussed in example B
can be extended to many polyatomic molecules. It is
frequently the case that w; % wg for most of the nor-
mal modes of a molecule. With this assumption, re-
sults from the previous section yield

(hv) = constant and 02 = 2I53E,

where E) is the mean vibrational energy in the kth
normal mode and &, is a constant for that mode. Fur-
thermore, it has also been shown that the gaussian
shape characteristic of diatomic absorption spectra
often applies to polyatomic spectra as well, as in the
case of alkyl halides [6]. Changes in the mean fre-
quency with isotopic substitution [6) or with temper-
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ature are not accounted for by this simple model.
These effects would arise, as in the diatomic case, if
initial and final potential curvatures are not identical.
In general, the shift in mean frequency will be given by
a linear combination of Ej’s.

A specific case in which eq. (11) is grossly inappli-
cable is when the final electronic state is dissociative
along an asymmetric stretching coordinate, i.e., has a
symmetrical “hump” rather than a well. R (defined
previously) will be nezative, hence, according to eq.
(2a), (hw) will be strongly red-shifted with incressed
vibrational excitation. An example is the Hartley ul-
traviolet band of ozone, where the terminal potential
is the dissociative !B, state {12]. Vibrationally ex-
cited ozone indeed has an absorption spectrum that is
red-shifted relative to unexcited ozone [4,13,14].

" In treating a flucrescenice spectrim, it must be
noted that the initial states that contribute to the
spectrum are not simply the available states, but con-
sist of only those states which are optically pumped
at that specific wavelength. As an example, we con-
sider the LIF spectra of polycyclic aromatic hydro-
carbons taken over a wide temperature range [15].
The spectrum of pyrene excited at 310 nm displays
an enhanced width at high temperatures; from eq. (11)
we may infer that both ground and excited vibra-
tional states are being excited at this wavelength. On
the other hand, the spectrum of fluoranthene excited
at 325 nm displays very little temperature dependence,
so it may be inferred that mainly ground vibrational
states are excited.

7. Limitstions

As mentioned previously, a constant transition
moment has been assumed in the derivation of the
above formulas. This approximation is quite good in
many instances (e.g., bromine [11]), but may be un-
satisfactory in others, particularly where the initial
states are highly excited vibrational levels. A second
approximation was invoked for polyatomic molecules,
namely, that both initial and final potential functions
be separable into terms V(q, ), where vibrational
motion in both initial and final states is describable
using the same set of iormal coordinates q;. This ap-
proximation is satisfectory when the initial and final

' oy - e k" ket cacmca-m-
’ NS P NN TN DR L o AL - -‘- .- -

state equilibrium geometries are similar. When they
are dissimilar, a new choice of coordinates can often
be made to maximize the separability of both ¥; and
¥¢. However, on some potentul surfaces (a possible
example is the dissociative 82 state of ozone) there
may be no good choice of coordinates, the vibrational
motions being strongly coupled in every possible set
of coordinates. In this case it would be inappropriate
to use eq. (4) to compute (hv) and 02. Instead, eq.
(1) may be used if ; is understood as the total vibra-
tional wavefunction, ¥;(q;. 4, .. ¢;), and AV as the
total difference potential surface, AWqy, 42, --- 4;)-
In the light of the foregoirig limitations, caution and
discrimination is urged in applying the formulas pre-
sented here to real molecules.
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Appeadix: Proof of eq. (1)

The proof for n = 1 i5 analogous to, but simpler
than, the following proof for n = 2:

W AVRIY) = (Y I(E, - EP Iy
= (W B — (W, |EE
—(W;IEElpp + (w121,
where E; and E; denote hamiltonian operators. Let us

substitute £ = Tl ) Eg(¥l. For example, the first
term of the above four is

w11y - 'L::(w,lz,wfm,wfw

- E(w,lwsmflw,).

Define $ = (y; ), S* = (Ylyp, ISI3 = SS*; then the
first term is T,IS12£}. Similar operations on the re-
maining three terms yield

_______________
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Wlan2ly) = ?lsﬂ(&? ~ 2EE + E})

= Zf)lslz(lsf - B = (),

completing the proof. The failure of eq. (1) forn =3
and higher is explained as follows. Consider, for
example, .

W AVP I = ¥y (B — E PV,

which yields eight terms upon expansion. One of the
terms is

HIEEE) = T3 SERVIEEAY).

If eq. (1) were to be satisfied for n = 3, this term
would have to equal Z,ISI2EZE,. However, this can
be true if and only if E;E, = EpE;, which holds only in
the special case AV = E; — E; = constant. This line of
reasoning thus restricts eq. (1) to values n < 3 for the
general case.
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~ Ultraviolet oontinuum spectroscopy of vibrationally excited 4
h ozone
L S. M. Adier-Golden,” E. L. Schweitzer, and J. |. Steinfeid
Dupartment of Chemissty, Messechusetss Instiéisié of Technology, Cambriige, Massochusetts 02139
A {Received S November 1961; sbotpred 16 November 1981) _
Lt A model is présented for the Hariley abiraviolit spectium of videstionslly excited ozone based upom
S infrared-ultraviolet double resonssice spectroscopy snd previous temperature-dependent absorption -
Sy measurements. The dosble-resoniaios transiént arides from 4 3500 cm ' red shift of the absorption spectrum
’ of ozoké eicitd iz the stretching vibrational siates, with respect to the ground vibrational state. The
- doublewresonanios nik5d is used to study relsxstion kinetics of vibrationally eitited ozone and (0 measure
infrared encrgy deposition resnieing fromi OO, lasér puthping. The criérgy déposition is found to scafic linearly -

with sasiple pressure snd with iidisired flaencé, except for excitation ow-tesonmmce, which is strongly

w? mmmmmacnwmmm&mumwam
I O1' D) phttodisiociition qumitast yidhl, whick is an iipiviant component of stratoapheric phosochifiaistry.
.
I. INTRODUCTION thus, Fraiick-Condon iitensity calculations on the Hart-
o The ultraviolet absorpéion spectram of csone is tey bund aré possible in principle. Unlortunately, such
"~ i . T spectral cslculations have yet to be performed, one
BN smong the most important fentures of that molecule,
I _ e OCHSs . major difficulty being the strong coupling between the two
. one of the key specidd in strstospherie photoeNemistry.
. strételiing motions on the upper swrface. Nevertheless,
2! Doopito extensive study, M w«m nm eon- m
& mm.m Mem el the m d the ey
structureless abaotpibn tcm W (hé vicinity of 200- "
W may be readily obfained from simple arguments, Let
300 nm. Another poorly understoed yet important sub- . 6 At the toea vIbP function may be
» ject concerns propertids of Vhrationatly éxciied ozone, W"‘“ e stionat wave
2 an abundant species formed in the O+ Ok [+ Af] re¢om- '
-t bination proeess.”* The uitraviofet mﬂe;:‘m of vbora- e, @i D) = honal &) Puretan( s, &Y, (1
tionally excited ozon¢ is a polentisly chitfeal ingrédiamt o - :
‘ 7 in stratospheric modeling. ' mmﬂnMeraMmormtummnﬁdy
2 In this article, we discuss recent experimentsl and ik ars @ &) - Vilthy @y @)
R theoretic¢al work whiel sheds further light on the ultra- = AVl ) + A Vi rranl
5 viotet spectroscopy and kinetic properties of vibrn- ia( 0 + B Varioi(tt, @), (2
<3 tionally excited ozone. The éxpérimental technique where ¢ is the bending coordinate and ¢, o, are the
= utilized is infrared—ultraviole! doublé redonasee spec-  Symmetric and asymmetric stéetcliing coordimates,
- troscopy, in which the m;mm styetehtng mz. () "#:‘ﬂmy The emﬁce: these mr is tlhlt‘d
%, is pumped by a pulséd COy kaser the Hartley #b: bendi rational motion is' assum decodp
-:-_ - so::t‘ion b.:yd is Mcg a continuous UV sburde. from the gtretehing motions. The mean transitioh en-
b The apparatus has been déscribed previousty®; minor ergy of the spectrum (Av) is then given [see Kq. (4 of
4 ;g modifications are mentionéd herein. Similur exper- Ref. 0] by
o 8 ments have also beén performed indepéndently by Y _
& §§ McDade and McGrath.%? The IRUVDR work, combined (ho) = Wuis| & Vioua| ""_"")
! gg with absorption spectrum dita dnd ab fitio ealculs- +(Vareta| & Vareral $mrotn) - ®
My j tions, yields a ‘?";‘%_‘““' motfel for the Hurtley The shiff in the spectrum upon vibrational exeitation in
5 3  band spectroscopy sttonmly excited omone. Ap- o yonaing mode muy thius be written as
) 25 pilleation of this modet enabies us to SWlerming rate _, vl
i $¢E colistants for vibrationsl energy trarisfer, obtain in- (H0doz0 = (Bodoos = (Fasal &Viena| Vhane!
P $§  formation on thie IR laver excitation process, and evalu-
- §§ ate the hypothetical hifiuence of vibrationsl excitation = (Vvnal 8 Visas| Ruee? *® -
e2 on stratospheric osone photolysis tn the ultraviolet re-  wnere the superacript refers o the bending quantum
“ § gion. numl;rl.‘d'rhig expression may be evaluated from Eq.
‘o L (28 9 using the vibrational frequencies derived -
o] g Il.. SPECTROSCOMIC MODEL from the ab initio caleulations, yielding a result of ‘
e bt Portions of the potential energy surfaces for the élec- = 180 hzm" Thus, one may conclude that excitation
’ . tronic states involved' in the Hartley uitraviolet transi-  intorthe bending mode will cause only a small red shift
: ; tion have been:obtutried:from ah Mitin computations”; m:x‘:zm':-m?ﬁ"‘:ﬁmmm;mﬂ:: :2:“'
;“: 8 -ea - bending frequencies being roughly similar. As it is
S S)presunt address: Npeotral Sciencos Inc., Burlington, Mass, aleo predicted from the ad initio calculations (and has
- g 01803, been dentonstrated experimentally’®) that the equiltbeium
% 1]
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bond angles are also quite similar in the two states,
only a slight change in spectral breadth with bending
excitation is expected. Thus, both (010) and ( 000)
states of osone should have Hartley absorption spectra
of very similar shapes.

On the other hand, excitation into either of the stretch-
ing modes is predicted to have a very large effect upon
the Hartley band. The upper potential has a double
minimum along the ¢ direction,® hence excitation into
the (001) state should yield a substantial red shift.®
Also, at large displacements from the electronic ground
state geometry, the upper surface should have a dis-
sociative trench along the directions corresponding to
the stretching of each bond separately; these directions
are admixtures of both ¢, and g, coordinates, Thus,
one expects that at the long-wavelength end of the spec-
trum, which reflects Franck~Condon overlap in the
trench region, both (100) and (001) states may have com-
parably large absorption coefficients.

A spectral model for the Hartley band is suggested
by the above discussion and may be summarized as
foliows. Dencting P, as the fractional population of
ground electronic state ozone in the ( {7 A) vibrational
state, having sn absorption coefficient €,,(1), then
at low excitations

€ = Pogg G + oo Gero + Piae €100+ Pooy Com » (8)
where from the above arguments g™ €. Further-
more, under conditions where Py and Py, are in
equilibrium, their populstions are in roughly the same
relative proportion, at and ahove room tempareture,
Therelore, we may write

Py ty00+ Ry o™ ( P+ Rgy) ¢* , ()

where ¢* is the population-weighted average extinction
coeflicient for the first excited stretching modes. The
final result is _

€=(Rgy+ Ryl G +( Py + R € , %)
which is & two-parameter approximation to the vibra-
tionally excited Hartley continuum,

i

8
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FIG. 1. The absorption spectrum of (100) plus (001) excited
omone ¢* in the 3060~3380 A region. Dashed ourve is the solu-
tion of three simultansous equations based on Eq. (8), using
spectra of 200, 300, and 333 X from Ref. 11. Solid curve is
ohtained by setting € =€ o and using only the 200 and 333 K
sprotea.
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FIG. 2. Absorption spectra of ozons in the 2950-3350 A re-
gion, obtained by solution of three simultaneous equations based
on Eq. (8). Solid curve is €4, dashed curve is 6.

The spectral model expressed by Eq. (7) is subject
to experimental verification. Several independent tests
which lend support to this model are described below,

A. Tempersture dependence

The most comprehensive study of the temperature-
dependence of the Hartley band is the work of Simons
et al.'* who messured spectra at 200, 300, and 333 K.
Bair has provided us with the absorption coefficient
data in tabular form, which is used in the following
caiculations, From Eg¢s. (5) and (6) we can obtain a
three-parameter equation

€= Pos oo+ Rs o1 +( Poo + Pogy) €* , (8)

from which it is possible to solve explicitly for €oy,
g9, Ond ¢* given the three experimental spectra. In
practice, the solutions are very sensitive to experimen-
tal errors, such as normalisation of the spectra, due

to the weakness of the temperature dependence. Forthis
reason, we have restricted the analysis to the spectral
region where the temperature effect is greatest. The
solutions of Eq. (8) are depicted in Figs. 1 and 2. The
“noise” arises from the small amount of structure
present in the original spectra. It is observed that, to
within the noise level, the hypothesis that €y~ is
confirmed. The conjecture by Bair and others'!!® that
€y is red shifted by ~ 700 cm™ relstive to g appears
to be unjustified,

8. IRUVDR experiments

In the infrared-ultraviolet double resonance experi-
ments, *' the CO, laser populates the (001) state, which
rapidly equilibrates with the (100) state; then both levels
decay according to the same double exponential function
as is observed in infrared fluorescence experiments,!*!
Equation (7) implies that the absorbance transient ob-
served following laser excitation should be proportionat
to the excited stretching mode population and, thus,
should obey the same time dependence. This behavior
has previously been demonstrated in the 254 nm re-
gion,® and new measurements using interference filters
at 289 and 313 nm also yield the same results. The
rate constants for vibrational energy transfer measured

J. Chem. Piys,, Vol. 76, No. 6, 1 Merch 1082

.
-

et et e e e e e e
P AL S S AL A R S S P N

15.

Lo

L LW e e R P A AP AP P
P WS ML . SN S SO TO . . L . A PN, T VLS. .



B r‘i‘r‘r‘f‘v.—rrv'rv o
...... ., . . .

.y--rr.d-j.' P e R TR N - ~."<~ T
"

RO A OIS e T T o T el L I e e T

ey

2203
16,

Adieor-Golden #t o.: Spesticiedpy of Vibrstionally excited czone

8
&

Ac (Emols™! cm™! base 10)
o

-402!03

FIG. 3. Depeadence of the magnituds of ihe INOVDN tranwlorit
upon wavelength, Solid curve is € ¥ —¢ oy, from the 200 and
333 K data of Ref. 11. The dashed curve coaneots tie IREVDR
dats points, the vertical scaling havidg beew adjusted s¢ ilial the
amplitudes of the two curves dre similay.

at all three wavelengths agreée weld with resulle obistned
via infrared fluorescenes, 2 has Bown diovusest
previously.®

Another test of the sssumption that €y day ey b
derived from the wavelength depunitenes of the MVUVDR
transients. According to Eq. (7 the change W the
spectrum with temperature,. being due solety §o osone
excited in the stretcliing modes, should scale widh (he
laser-induced transients, By adding a monoehromator
to the previously descrilied spparvatus,® we' nseisardd
the magnitude of the iaitial transient st a nembey of
wavelengths relative to thiat at 289 nm. We found that
by using an appropriate scaling factor, the laser-in-
duced transients could indeed. appiroxtmate' the tewm-
perature-induced absorbance chinge rather well, as i
shown in.Fig. 8. The slight red’ sHift of the spectrem
derived from IRUVDR relutive to tixut derived from the
temperature dependente may be' due' (0 & SMEL quimiity
of multiply exeited viieutionul’ levels.

Several other IRUVDR messuretenty are cupatie of
testing the spectral riodel developed here. Ohe men-
surement involves chooking X=271 nm;, where the' in-
ntantmooulvlucr tianpiont is found: to-be sero; 7 Hence
€oo =€*. W ¢gy were significantly different from ¢oy at
that: wavelength, then a transient corresponding to (010)
population would appésy. Hbwever, none u oberved,
either in the current or ih previous work.’ A small,
gradual, downward shift' of the absorbaiice does occur

A
'.‘.. l‘

e
T

faction of the sample citised by the temperaturc rise
accompanying the V'~ 7' process.

Equation (7) may also‘be tested' ¥y an analysis of
IRUVDR signals which: poesess a sibw décay component,
sueh-as those at 3100 ¥ displayed it Ref: 6 and 7.

This component= hag Ben assigned'to thermally equili-
brated ogone, ® and its magnitude is therefore related
to the qunuty ol vibrationally excited ozone initially
forined. Por the data of Refs. 6 and 7, Bq. (7) pre-
diets a fractional exeitation [OF] /[0, lieas o 0.118

on a relatively long time scale. We secribé this to rare-

+ 0,020 bised on the magnitude of the initial transient,
and sgsuming & value for ¢* /¢y =12+ 3. In that range
of excitafion, the quantity of (100) plus (001) vibrationsily
éxcttéd Gioné rematning dfter thérmal equilibration e
0.10 of that initially profuced by the laser pulse (in pure
osone), Kenes Eq. (7) predicts that the magnitude of the
slow decay component should be 0. 10 of that of the inktisd
transiond. Experimentally, the amplitude of the siow
decky component s found $o be 0,112 0, 03 of that of the
initial transient, in excelient agreement with the pre-
coding éstimate. A potential complication would be the
partial tfansparency induced by stmple rarefaction, as
diseussed sbove, but at 310 nm this should affect the
eurumbyomaanlﬂdmw
and exn theréfore be negiocted. Thue, it is seen that
iq.('hmdmuyummmmauo
am over the range 0. 01 S[Of) O, kieeu SO.1.

A mujor @ilficuity tn the determinition of ¢* by the
TRUVDR mefhod in in méisuding accuritely the quantity
of vibrafionally excited osone to which the UV sbeoe-
Buince tradetent corresponds. In principle, this emn be
mwmwmauumm
mmmm This proved to be a dMf-

fieott Menourenient ualdy our novial expériments) con-
ditions, Nowevér. A betm: attenusiion nieaderenent
under conditione of high exctiation ts deséribed below,
in Sec. HIB}L.

C. Compavison of dbsovphion specivy of vibvationaily
oolinef odone

KAceording to Bq. (7, it s sulficient (o determine
€*(») in order to expluin sutisfactority the sphétrum of
onone excited to low levels of excitefion. There are two
ways (o obtuin ¢*, the miost divect being from the
ltm»umm he matd difficully is fn the thed-
surehadnt of this quisitity of Vibraticdilly excited osons
formved in the lager pulse, as noted above. M the pee-
vious section we hive esttimated’ e frietional exditation
for the experimental conditions of Refs, & and 7, vie,
(0, 1162 0; 0B0);, wiitch' fortuitously cotwcides With: the
vilbe which wis used tierein in the determination of
€. The spectrum shows a broad peak at 2850 A and
falls off gomewhit more sharply to'the blue tha to the
rett, reNCHing a near sero value at sround 500 A."

Anollier way to obtatn ¢* ig from the difference be-
tweent spectra talcen at different temperatures. Figure
4 depiety ¢* determined from the 333 and 200 K spectra
of Simons et al.!! Dup to the wesknens of the tempers-
ture dependence the spectrum is not highly accurate,
dapecinily awsy from the red end. A possible error in
relative normaligation: of the original spectra would be
eupecinlly troublepome,. and a residue of structure in
those fpattra gives ¢* an artificially jagged appearance.
Despite these deficiencies the spectrum is strikingly
similer tb'the IRUVDR result of Rel. 7. The ¢* spec-
trum alvo béars a strong resembiance to the “ozone
precursor’’ spectrum observed by several others during
formation of osone from oxygen at atmospheric pres-
sure, ¥'¥ and which has been ascribied to vibrationally
oxmur osone, 18017

In summary, the approximate shape of the ¢* spec-
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FIG. 4. The Hartley absorption spectrum of ozone. The
dashed curve is the 200 K specirum, and the solid curve is the
vibestionally excited spectrum €*, a portion of which is dis-

played in Pig. 1.

trum has been determined from both the temperature
dependence of the UV absorption spectrum and the
IRUVDR measurements in Ref, 7. While more accurate
data on the Hartley absorption continuum are clearly
needed, the existing data are useful for a number of
applications. Several such applications are discussed
in the following section.

M. APPLICATIONS OF THE SPECTRAL MODEL

A. Rate comtants for vibrational energy tramsfer

The alteration of the Hartley continuum caused by
vibrational excitation finds & very useful appiication in
the determination of rate constants for vibrational en-
ergy tranefer by IRUVDR. Its extremely high sensi-
tivity and the sheence of systematic error may make it
the method of choice for the study of relaxation rates
for the singly excited vibrational levels of osone, as
has boen discussed previously.’ In Ref. 5, we esti-
mated a erude lower limit for the rate of the rapid 1,
= 5 equilibration process, on the order of 10°
Torr™ s, from the “induction time” of the initial
IRUVDR transient. These measurements have now
been repested at much lower ozone pressures, using
an improved apparatus, employing collinear infrared
and ultraviolet beams in either a 120 or a 20 em cell,
similar to the configuration of Ref. 6. Using an inter-
ference filter at 289 nm, the wavelength of greatest
sensitivity, we were able to achieve a detection limit of
about 10 moleculesem™ of Of, by averaging over sev-
oral hundred laser pulses. At a total pressure of 0,07
Torr the transient was observed to be essentially in-
stantaneous to within the combined response time of the
electronics and laser pulse width, around 1 or 2 us.
Thus, the previously reported induction time should be
attributed to electronic interference from the laser,
rather than to any kinetic process,

There are two possible explanations {or the virtually
instantaneocus onset of the transient, One is that the
(001) =«(100) equilibration occurs within the observed
rise time, requiring a nearly gas kinetic collision rate,
Since the energy transfer per collision is only 60 em™,
this explanation is certainly plausible, A second pos-

S .
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the equilibration process incapable of obesrvation. To
distinguish between these hypotheses one should take
measuremonts of comparable sensitivity over a range of
wavelongthe, & being unlikely that €ge™ ¢ for all wave-
longths. We have carried out some measurements in
the 334 and 310 am regions which yielded similar results
as at 369 am; however, dus to lower seasitivity the
oSONne pressures required were several times greater.
Thus, it is not possible to establish wnambiguously a
value for the (001) = (100} equilibrium time from this ex-
periment.

8. Vibrational energy depasition following CO, laser
irradistion

The excitation of molecular species by high-intensity
infrared radiation is a widely studied but still incom-
pletely wnderstood process.'® At very high laser in-
tensities, osons is reported to undergo muitiple-photon
diseocistion'; at lower intensities, such as those avail-
able from an unfocused CO, laser beam, the excitation
procese is surely less complex, but by the same token,
the low-intensity excitation regime may be more readily
understood, especially given the well-known spectros-
copy of the low vibrational levels. The IRUVDR meth-
od provides a convenient and seunsitive technique for
measuring the fractional excitation of osone [Of] /
[Oy)ietss- We denote this quantity by (w), the mean num-
ber of IR photons absorbed by molecule, since at the
low levels of excitation studied here the population of
multiply excited ozone molecules is negligibly small,
We present sxperimental resulis for (») as a function
of total pressure (O, +0;), and infrared frequency
and fluence in the single-photon regime, along with mod-
el calculations which aid in interpreting the data.

1. Experimental messurements

Most of the data were cblained from measurement of
the UV transient using a 269 nm interference filter.
Collinear infrared and ultraviolet beams were employed
in a 1=20 cm cell, cars being taken to insure complete
overlap of the UV beam by the IR beam. The sensitivity
was sufficient to allow single-shot measurements of the
transient. Infrared fluence passing through the rear
iris with the cell evacuated was measured with a
Scientech 300102 power meter. The fluence measure-
ments represent an average over the beam area, the
actual beam intensity dispiaying interference fringes
resulting from passage through the irises and a ger-
manium beam splitter. The ~20 nm bandwidth of the
UV filter posed a potential problem due to wavelength
variation of absorption coefficients of O, and Of .
Fortunately, however, the 289 nm wavelength lies near
a flat portion of the A¢ =¢* ~ ¢ curve (sec Fig. 3).

A reasonably well-determined value of Ae=2.8x10'
tmol*! cm™ (base 10) may be therefore assigned on the
basis of the apectral model in order to relate the
transient absorbance AA to the quaatity of O} produced,
via the equation aA - [Ofllac.

Despite the wealth of evidence presented earlier to
support the basic validity of the spectral model, its
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abaolute aceuracy has not yet deen quantifind, Hemcs,
the value of A¢ cited sbave, and thua the corresponding
value of (W), are of unkaown sccuragy. We therelore
oarvied out a dowbie ehesk on the ahove methed for de-
termining (%) by using o sulfielently high pressure of
O, and tota} pressure (~3 Torr O in 10 Torre total
pressure) {0 abiain moasurahle sttenuation of the CO,
iaver heam during pasaage through the cell, thug es-
tablishing a direct determination of deposited infrared
energy. Unlortunately, the UV optical density at that
osone pressure is toe great to permit a simultsneous
measurement of the 380 nm transiont, We gircumvented
that problem by using a 313 nm interferenes filter in-
stead, and sealing the 44 value measured at 313 am to
a hypothetieal valus at §89 nm, using the previoualy
measured ratio hetween the [RUVDR trangionts at these
two wavelongihs. The resuiting value of (%) was ahout
40% lower thas thet determined directly by infrared
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transmiselon In two separste experiments, Consider-
ing the mecoripintios in the measurements and in the
value of A¢, and in view of the peseilie influence of
multiply eneited vibeational lovels (%) was about 0.3 in
these measuroments), thie agresment in talerable,

We oonclude that the tecinique of dotermining (v)
from IRUVOR transionts may be sulijest to & aystematic
error of wp to 49%. Wawevey, as it is libely thet mueh
of this dlacrepaney is related to the conditions
in this partioular cuporiment, the dats whick follow,
taken st lower dogreee of excitalion and weing the 889
nm bandgese {iler, are probably of constderably better
accurscy. The precision of an individus! messurement,
arising principaily from variations in infrared laser
fluence passiag through the eell, is on the order of
+20%,

0.0!-1
3 Colguloted

Q07 S Experimento)

.00~ Cl-'f. -

3634323020 26 M 222010 18 14 12 10
COg Lowr Line P(J)

FiG, 5. Mean fractional excitation of osone by CO, laser ir-
radiation for dilforent luser Hnes in the 9.6 um P branch.
Solid bars denole exporimeatil data, open bars denote model
catculations (see the toxt), Ozone prossure is 0.6 Tore, oxy-
Ren pressure s 2,4 Foer, The cxmrlmmtal luser fluonce is
0, 04=0, 00 3/cm’ fur those Linus, .0, 05 §/cm’ buing used In the
maodel caleulations,
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FIG, 6, Experimontal dapudom of (») upon total proum.
for COy P(36) snd P(38) lines, st » fluence of 0, 034 J/om’, and
a composttion of 10% ozone in oxygen.

Typieal experimental resuits for (x) are depicted in
Figs. 6 through 7. Pumping of osone was observed using
all of the available CO, laser lines in the 9.8 um P
branch, the strongest pumping cccurring with lines, such
as P(18) and A(20), that are resonant with O, sheorption
lines (see Pig. 85). With a sampling of both-an- and off-
resenant laser lines, we found (x) to be linearly propor-
tiona) to total pressure (at a fixed opone mole fraction)
to within experimental error in the 2 to § Torr range
studied (see Fig. 6). The dependerice of (»} upon laser
fluence was studied by aitenuating the lgser heam with
polyethylene shests. With several off-resonant lines,
the signal was found to be linearly proportional to
fivence, but with on-resonant lines the amplitude of the
IRUVDR (ransient showed marked ssturation behavior,
as is shown in Fig. 7.

]

Qo8

004} //— P(30)
<> : D
-

0.03 (n(o
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Q0 &~

1 1 ). Il 1 J

0 OO 002 003 004 QO% 008

Fivence J/em?

Fii. 7. Dependonce of () upon laser fluence for on-resonance
COy laser lines. Solid curves denote model calculations (see
the toxt),
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FIG. 8. Kinetic model for vibrational excitation of ozone in the
laser field,

:

The dependence of () upon mole fraction of ozone was
not explored, dilute mixtures of ozone in oxygen being
used in most measurements. However, some observa-
tions were made using the CQ, P(30) line and the ap-
paratus described in Ref. 5, which demonstrated de-
creasing values of {(n) with increasing ozone concen-
tration, especially at high values of {x). This may be
due to attenuation of the laser beam upon transmission
through the sample. As the ozone absorption lines are
quite narrow, they may be capable of selectively ab-
sorbing the most clogely resonant frequency components
of the CO, laser output, thus “burning a hole” in the
laser’s output spectrum. This point is discussed more
fully in the following section.

2. Excitation model

In order to gain insight into the experimental resuits,
we have carried out some model calculations for (n),
The kinetic scheme utilized is deptcted in Fig. 8. In
brief, the upper and lower rotational sublevels as-
sociated with an osone absorption line near the laser
frequency are optically coupled to each other in the
presence of the lager field by the radiative rate con-
stant &,, and are assumed to be collisionally coupled
to the remaining rotational sublevels in each vibrational
state by the pseudo-first-order rate constants &, and
k.. This “four-box” model has been previously em-
ployed by us to describe the kinetics of infrared satura-
tion,™ passive Q switching,*! and infrared double-
resonance experiments employing CO; lasers®™ and tun-
able diode lasers.® In the pressure range of interest
here, vibrational deactivation during the ~1 us laser
pulse may be negiected.

While the model depicted in Fig. 8 may be solved

exactly,™ a much less cumbersome and sufficiently
sccurate solution is the following expression, derived

Adlcr-Gold.n ot a/.: Spectroscopy of vibrationally excited ozone

by assuming steady-state concentration in the optically
coupled sublevels

d{n) /2
T U

where 8=k, /(& + k), the equilibrium population in the
pumped rotational sublevel. Integrating over the laser
pulse duration and summing over all ozone absorption
lines which appreciably interact with the laser radiation
ylelds the net (x) value, (In practice, only lines within
about 0.1 em™ of the laser frequency need to be included
for the maximum fluence considered here, approximately
0.05 J/cm®.) The radiative rate constant &, can be
written as®*

k, = lo(V)/ B (10)

for monochromatic radiation. In the present situation,
Eq. (10) must be modified to take account of the dis-
tribution of frequencies in the laser output arising from
the longitudinal mode structure. This can be done by
integrating Eq. (10) over a normaliged intensity dis-
tribution function I(7), to be specified a little later,
glving

k= [ KDYo(DaV/M8 (1)

where ¥ denotes wave number in cm™, /(7) is the radia-
tion intensity in W per cm® per em™, and o(7) is the
photon absorption cross section in cm® per cm™. The
cross section o(7) may be approximated by the homo-
geneous line shape function

S 14
=3 [Tt ] aa

where S is the integrated line strength in cm®, T the
resonant wave number, and 87 is the half-width at half-
height of the absorption line. We assume that inho-
mogensous broadening may be neglected.

The usual Lorentzian power-broadened line shape
expression for absorbed energy versus detuning**®
may be obtained by combining Eqs. (9), (10), and (12).
The use of Eq. (11) instead of Eq. (10) simply gives
a broader function. No attempt is made to incluw. the
effect of laser beam attenuation; thus, this treatment
is applicable only to optically thin samples,

It remains to find appropriate input parameters for
the above equations. The linewidth 8D is taken as the
collision-broadened half-width, found to be 0. 08
em™ atm™ for Oy~Oy collisions and 0. 13 cm™ atm™
for O, =0, collisions.®® The ozone line positions are
taken from Ref. 27, and the integrated line intensities
are from the same reference, but multiplied by 1,113,
in accordance with more recent work.?® The population
relaxation rate constant #, was set equal to the dephasing
rate constant A =27c8V in accordance with observations
on similar molecules.®® The temporal shape of the laser
pulse is an important input variable; we determined this
experimentally with a photon-drag detector. Itisa
typical “TEA-laser” pulse profile, with an initial spike
of 40-50 ns duration containing ~60% of the total pulse
energy, and a low-intensity tail, lasting a little less
than 1 us, containing 40% of the pulse energy. For
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tational energy alone does not explain the observed
temperature dependence.® Recent investigations

have suggested that vibrational excitation is also im-~
portant in the photolysis process. Zittel and Little®?
have observed a greatly enhanced O('D) production
cross section in the red end of the Hartley band follow-
ing IR laser excitation, They ascribe this effect to
vibrationally excited ozone having a large absorption
cross section in that spectral region. The temperature
dependence of the absorption coefficient, as seen,-e.g.,
in the data of Ref. 11, is consistent with that premise.
Hudson®® has utilized those absorption data in quantum
yield model calculations which give good agreement
with experiment. A drawback of those calculations is
that, unfortunately, the absorption data alone are not
sufficient to specify uniquely a spectroscopic modet for
the ozone ultraviolet spectrum.

In this paper, we have presented a model for the
Hartley absorption spectrum of vibrationally excited
ozone, based on Eq. (7), which is well-supported by the
IRUVDR experiments, and thus can provide a reason-
abie starting point for O(*D) quantum yield modeling.
Extension of Eq. (7) into the longer wavelength Huggins
region poses no conceptual problem, even if, as has
been proposed, ® the Huggins bands belong to another
electronic transition. This is because we can reasonably
assume that, in the fall off region, the major contribution
to the vibrationally excited spectrum is the tail of the
(100) plus (001) excited ozone spectrum depicted in Fig.
4, and belonging to the Hartley transition. Even fur-
ther to the red, where the “hot” Huggins spectrum ap-
pears to be discrete, it is still found that transitions
originating from (100)- and (001)-excited ozone possess
greater intensity than those originating from (010), %
and thus dominate the spectrum of vibrationally excited
ozone,

Proceeding with the calculation according to the meth-
od of Moortgat et al.® we assume that the total internal
energy (vibrational plus rotational) adds fully to the
energy acquired from the ultraviolet photon, and that
for a given total energy the O('D) quantum yield varies
as a ramp function from zero at a selected threshold
energy to unity at a higher energy, taken here to be
600 cm™! gbove the threshold. The classical density of
rotational states <(Z.,)'/? is fully satisfactory for this

o
@

°
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|

o
>

°
[
1

o0
0.0 i 1 1 L 1 |

200 220 240 260 280 300 320
Temperature (°K)

o('0) Quantum Yield
x

FIG. 10, O{'D) quantum yiolds ut 313 nm vs temperature, ©
=Ref, 33 data, A=Ref, 34, O=Rof. 35, xsRef, 36; solid
1ino Is the model calculation described in the Lext,
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“ FIG. 11, The ratio €*/ceq in the 31300-32800 cm™ region

(solid curve). For purposes of modeling the O('D) photodis-
sociation quantum yield, as described in the text, the smooth
dashed curve is used instead.

calculation. The quantum yield for the ground, first
excited stretching and first excited bending levels are
computed separately, weighted according to their ab-
sorption coefficient and population, and combined to give
the net O('D) quantum yield Q as follows:

. Z € Pua Quin
Z€inPigpn ’

where €5, P;;, and Q;;, are the absorption coefficient,
population and O('D) quantum yield, respectively, of

the (/1§ &) vibrational level, According to Eq. (7), this
reduces to

(19

2- Sm(P + )+ €* P*Q*
- €oae(1 = P*) + €¢* P* ’

where P* = Pigg+ Py, The sbove equation requires
knowledge of ¢€* /¢, in the fall off region, which is taken
to be the ramp function depicted in Fig. 11. The O('D)
threshold energy was adjusted for best fit between cal-
culations and experiments, yielding a value of (32 900
+100) em™t,

The comparison of experimental and calculated re-
sults appears in Figs. 9 and 10. Good agreement is
seen in the wavelength dependence of the quantum yield
over the 305-322 nm range at both low and room tem-
peratures. At 313 nm, the agreement between the cal-
culation and a large number of experimental results is
excellent over the full temperature range studied. It
should be noted, however, that the long wavelength
tail above 313 nm, appearing in the Brock and Watson™
data depicted in Fig. 9 and predicted as well by this
calculation, conflicts with the majority of experimental
studies, which instead show a more rapid decline of the
quantum yleld. Until this issue is resolved the validity
of the model calculation remains open to question. Its
success at and below 313 nm does, however, suggest
that vibrationally excited ozone does indeed play an
important role in stratospheric ozone photolysis.

(14

V. CONCLUSIONS

A model for the Hartloy ultraviolet spectrum of vibra-
tionally excited ozone has been presented and applied to

J. Chem. Phys., Vol. 78, No. B, 1 March 1982
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problems involving vibrational energy transfer, infrared
o enorgy deposition resulting from pumping by a co.

. laser, and stratospheric osone photodissociation. In

the latter instances, simpis models have besn presented
which are capable of reproducing the experimenisl re-
sults quite well, Many other molecules possess girong,
X2 continuous ultraviolet absorpiion apsetra, as well as

- infrared resonances near CO, laser lines; the alkyl

[ halides are just one example. ‘s Many of these species
may therefore be excellent candidates for study by the
- methods described here,

ACKNOWLEDGMENTS

- This work was supported by the Air Force Geophysics
o Laboratory under Contraet No, F10628-80-C-0028. We
. would like to thank Dr. R. Pack, Dr. R, Hudson, and
o Dr. E. Bair for helplul discussions.

'H, Okabe, Photochemistry of Small Molecules (\Vluy. New
York, 1978),

‘e, 3C, W. von Rosenberg, Jr., and D. W, Trainor, J. Chem.
Phys, 61, 2442 (1975).

3C. W, von Rosenberg, Jr,, and D, W, Trainor, J. Chem.
Phys. 63, 5348 (1975).

‘w. T. Rawlins, G. E. Caledonia, and J. P, Kennealy, J.

s Geophys. Res, 88, 5247 (1881).

N 8, M. Adler-Golden and J. 1. Steinfeld, Chem. Phys. Leit.

78, 479 (1980).

", %1, C. McDade and W. D. McGrath, Chem. Phys. Lett. 78,
432 (1980).

"I, C. McDade and W, D. McGrath, Chem. Phys, Lett. 78,
413 (1980),

®p. J. Hay and T. H, Dunaing, J. Chem, Phys. 87, 3890

: (1970.

e 5. M. Adler-Goldep, Chem, Phys. (in pressi.

> %, K. Sparks, L. R. Carlson, K. Shobatake, M. L.

: Kowalczyk, and Y. T. Lee, J. Chem. Phys. 78, 1401 (1980),

3, W. Simons, R. J. Payr, H. A. Webster [Il, and E, J
Bair, J. Chem. Phys. 89, 1203 (1873).

127, Kleindienst and E. J. Bair, Chem. Phys. Lett. 49, 338
(1970,

83D, I Rosen and T, A, Cool, J. Chem, Phys, 88, 488 (1978),

“G, .. West, R, E, Weston, Je., and G, W, Flynn, Chem,
Phys, Lett, 88, 429 (1978),

183, F. Riley and R. W, Cahlll, J. Chem. Phys. §8, 32307
(1970),

#C. J. Hochanadel, J. A. Ghormiey, and J. W. Boyle, J.
Chem. Phys. 48, 2416 (1968),

117, Kieindienst, J. R. Locker, and E, J. Bair, J. Phato-

. chem, 18, 67 (1980),

" "4, W. Galbraith and J, R. Ackerhsit, in Lascr-induced

£

el
PR LS SN

o

T

Adier-Goiden et a/.: Spectrossopy of vibrationally excited ozone

Chemical Processes, odited by J. 1. Stainfeld (Plenum,
New York, 1981), pp. 1—44; C. D. Cantrell, 8. M. Freund,
and J, L, Lymen, in The Laser Hadbook, edited by M. L.
Stitoh (North~Holland, Amsterdam, 1979), Vol. 3, pp.
485878,

9D, Prooh and H, Schréder, Chem. Phys, Lett. 61, 426
(1919,

¥ Buesk, J. I. Bielnfeld, snd D. G. Sutton, J. Quant.
Spectrosc. Radiat, Transter §, 959 (1089).

31 Burak, P. L. Houston, D. G. Sutton, sad J. L. Stelnfeld,
IEEE J. Quantum Electron. 7, 73 (1971).

8y, 1, Steinfeld, [, Burak, D. G. Sutton, and A. V. Nowsk, J.
Cham, Phys. 58, 5421 (1970).

Be . Jensen, T. G. Anderson, C. Reiser, and J. 1. Stein-
feld, J, Chem. Phys. 71, 3848 (1979),

43, Steinfold, Molecules and Badiation (MIT, Cambridgs,
1977, p. 8.

) 1, Steinfeld and P. L. Houston, “Double-Resonance Spec-
troscapy,” in Laser and Cokevence Spectroscopy, edited by
J. 1. Steinfeld (Plenum, New York, 1978), p. 18, -

¥A. Barbe, 36th Symposium on Moiscular Spectroscopy, Ohle
State University, Columbys, Ohio, June 15-18, 1981,

A, Barbe, C. Becroun, P, Joyve, N. Monnanteuil, J. C.
Depannemascker, B, Dutersge, J. Bellet, and P. Pinson,

J. Mol. Spectrosc. 64, 343 (1977).

$C. Sseroun, A. Barbe, and P. Jouve, 4. Mol. Spectrosc. 86,
8 (1981),

B0nly a small number of Ty : T; measurements have been per-
formed on infrared transitions (Ref. 25). Delayed nutation ex-
periments have indicated that the cross secotions for population
and phase relaxation are the same for NH, (Ref. 30) and
CH;F (Ref. 31). Analysis of the diode—infrared laser-double
resonsnoe experiments in SF, (Ref. 23) indicates that the
cross sections for the two processes do not djffer by more
than 40%.

3G, M, Dobbs, R. H. Mishesis, J. 1. Steinfeld, J, H-8.
Wang, andJ. M. Levy, J. Chem, Phys, 83, 1904 (1975).

3up R. Berman, J. M. Levy, and R, G. Brewer, Phys. Rev.
A 11, 1668 (1975).

BC, Young and R. H. L. Bunner, Appl. Opt. 13, 1438 (1974),

3G, X, Moortgst, E. Kudssus, snd P. Warneck, J. Chem.
Soc. Faraday Trans, 2 78, 1216 (1877,

U3, C. Brook and R. T. Wateon, Chem. Phys. 48, 477 (1980).

3¢, L, Linand W. B, DeMore, J. Photochem. 3, 161 (1973),

%g, Kuis, R. Bimonaitis, and J. Helcklsa, J. Geophys. Res.
80, 1328 (1975).

Np, F. Zittel and D. D. Little, J. Chem. Phys. 73, 6900
(1980).

MR, Hudaon, Procesdings of the Wusdvenniel Internationsl
OUzone Symposium, edited by J. London (IAMAP, Boulder,
1980), Vol, 1, pp, 146-152,

3. C. D. Brand, K. J. Cross, and A. R. Hoy, Can. J. Phys.
56, 327 (1978),

9p. H. Kataysma, J. Chem. Phys. 71, 815 (1979).

41, D. Padrick, A. K, Hays, and M. A. Palmer, Chem.
Phys. Lett. 70, 63 (1880).

J. Chem. Phys., Vol. 78, No. 8, 1 March 1862




_______________________

23.
CARS Dexection of Ozone in Vibrationally Excited States

Since the discovery of the role of vibrationally excited molecules
in atmospheric chemistry, the spectroscopic properties and kinetics of
such moleclues have attracted much attention. One of the more impor-
tant molecules in this context is ozone. Vibrationally excited ozone

is formed in the stratosphere [l] by the recombination of oxygen

The initial population of the various vibrational levels as well as the

mechanisms of relaxation to the ground state are still open to specu-

lation.

To study vibrational population distributions requires sensitive

. - & 7
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detection techniques, as the population of each vibrational level may

. constitute only a small fraction of the total number of molecules.

Recent advances in laser technology have made possible o2 use of many
optical techniques that were unthinkable only a few yn&rs agu. Cohe-
rent Anti-Stokes Réman Spectroscopy is one such technique ([2].

CARS is a third order non-linear optical process which involves
two photons of light at frequency wy combining with a photon at wy to
produce a fourth coherent photon at the anti-Stokes frequency,
w3=2w1-w2. The process is greatly enhanced by the presence of a Raman
active transition in the medium corresponding to Wy=W,. It can be
shown that the intensity of the CARS signal is proportional to the
square of the number density of molecules in the state of lower ener-

. gy (2]. In this way the intensity of the CARS beam can be used to
monitor the population of the various vibrational levels which are

Raman active. The advantage of CARS is chiefly its sensitivity. It

Pl vees e g ey e A e = an e e e (e m s e e e~ vt .- st e et vt e e
K N IR AT RGN A ol LY R G R AL Tk, ot R T R S AT, Al u st o FUNRTITY g -t At o3 2t .




—— - o
T l"-\ PR A ROt I
[ VLA .t ot

-

-y
P S
Gl et
PR LN

i '-.r‘r'f"l A ORAINE
SRR AR MRS ST

. o
R .
R S

24.
has been shown [2,6] that the CARS process is inherently several orders
of magnitude more sensitive than gpontaneous Raman scattering. In prac-
tice, the sensitivity of CARS is limited by other third order nonlinear
processes. It is usual to split the third order susceptibility into
two parts, ane that containg the terms which involve CARS and another ’
which includes all other third-order nonlinear processes. These two
é;;S and xé;), respectively.

The high peak paower of Nd:YAG/Dye laser systems lends itself well

susceptibjilities are referred to as X

to CARS. In particylar, Valentini [3] has ohtained the CARS spectrum
of oxygen by ugsing such a laser, The second harmonic of the NA:YAG
at 532 nm is used both as Wy apd also to pump a dye laser to produce
Wy The beams impinge on a sample of ozone, Under the intense illu-
mination required the osane djssociates quite rapidly, and so a spec-
trum of oxygen wasg obtainnd.‘ The lifetime of ozone under these condi-
tions hag been estimated to be less than 1 psec.

Recently, the Raman spectrum of ozone has been recorded by using
the fourth harmonic of a NA:YAG laser at 266 nm as a pump [4]. Ozone
absorbs strongly at 266 nm [S]., In fact, the absgrption coefficient at

266 nm is about ten times the coefficient at 532 nm. The Raman spectrun

then is greatly resgnance enhanced; this enhancement may be of greater
importance than the decrease in ozone concentration due to dissociation.
This suggests that jt could be possible to observe.a CARS spectrum of
ozone if the apprapriate excitation wavelengths are chosen.

We plan to obtain the CARS signal from ozone by judicious choice
of excitation wavelength. The intensity of the CARS beam can then be
used as a probe to monitor the vibrational energy distribution. The
ayailability of a high power Nd:YAG/Dye laser allows any of several
possible wavelengths, The excitation beam, Wy, can be 832, 355, or

266 nm, with Wy varied appropriately. The Raman spectrum at 266 nm

................
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suggests use of this wavelength. The intensity of the CARS beam at

4 2

the three wavelengths are estimated to be in the ratio 10 :10°:1 if

dissociation is not considered. The pressure dependence of the CARS

< WP R 4
s e mo e
ehiea PR R R A

signal is shown in Fig. 1 for the three wavelengths in question. A
(

typical value of XN;) for gases at one atmosphere is

18cm3/erg [6]. This susceptibility was scaled to one torr

2.4 x 10~
and a "signal” calculated for each wavelength. This value is plotted

as a short horizontal line along the left side of the graph. These

non-resonant photons define the detectivity of ozone in one torr of

buffer gas.

Ar Al ol |
LA

To date, a strong CARS signal has been obtained from a low-
ii pressure sample of Nzo gas in a static cell. CARS experiments on
‘ both ground-state and vibrationally excited ozone are planned to be-

gin immediately following installation of the required digital signal-

averaging equipment in the Spectroscopy Laboratory.
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Infrared Emission and Absorption strength for 14N15N

Dipole radiation from 14N15N in the 4.4-um region has been sug-

gested as making a significant contribution to the infrared luminosity
of the upper atmosphere (Gordietz et al., Planet. Space Sci. 26, 933
(1978)). This is based on an assumed Einstein emission coefficient

A0 = 0.02 sec-l. We show here that this estimate is almost cettainly

incorrect, and that the true dipole strength of 14N15N must be many

orders of magnitude smaller.

Dipole-allowed transitions in homopolar neutral diatomic molecules
which are heteronuclear by virtue of isotopic substitution arise from
breakdowns of the Born-Oppenheimer separation of electronic and nuclear-
vibrational motion. For the best-studied casé of HD, the transition

moment u,, has been measured to be 5X107° Debye (1D = 10" 8 esu-cm)
(McKellar, Can. J. Phys. 52, 1144 (1974)). We note the relationship

between dipole moment 10 and absorbance,

| |2 = 3he 27 + 1 1 &n Io(v) dv (1)
nm 8N J+1 PV, )
o 3J PJ o

which can be evaluated numerically (with Rom = unmllo'1 ¢« P in amagat,

% in cm, v, and v in cm'l).
I
2 _ 2, 23+1 . _1 . [m To . 6V
( J /e ° pea '
J
We can also £ind the A coefficient from
a4t Bam? w3x1077 (1) |Rem)? (3)
10 © 3h A >
o o

with A in om; Ao = 3.75%10™> sec~l for HD (1+0).
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The theory of the nuclear-motion-induced dipole transition
moment (Bunker, J. Mol. Spectroscopy 46, 119 (1973)). gives
= a b 4) .
"10 urot(l'O) + uelec(l'o) + uvib(l'O) + "vib(l'O)

The several contributions are generally of varying sign and thusg
partially cancel; but their overall magnitude is determined by the

mass scaling factor
(2"a’-1' (m -m, ) /m_m, (5)

The ratio of ("a)-l for 1‘NISN to that for HD is approximately

(5X107%)/(0.5) = 107%; thus, we would expect R,, (14513y) &

(10'2) (5x10's) = sx10‘7 D. This corresponds to an A, value from

9 1 2

Eq. (3) of = 1X10™° sec” ", not 2X10™“ as in Gordietz (1978).

Using Eq. (2) with R = 5X10~’, p=0.2 atm = 0.2 amagat,

3 p

f=20m = 2X10° cm, and 8v(N,)  0.03 om

» We calculate an expected
peak absorbance, %n (IO/I) = 4X10 As best as we can determine,

the limiting sensitivity of the Laser Analytics LS-3 diode spectro-

3 4

meter, using derivative detection, is about 1 part in 10~ to 10 ;

ICNIS‘

thus, direct observation of N dipole absorptions should be

impossible.

The Ao coefficient of HD' has been calculated (Bates and Poots,
Proc. Phys. Soc. A66, 784 (1953): quoted by Garstang in "Atomic and
Molecular Processes” (D.R. Bates, ed.), 1962) as 18 sec”l. vibration-
rotation transitions in HD' have been cbserved (W.H. Wing et al., -

Phys. Rev. Letts. 36, 1488 (1976)) in an ion beam experiment under
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conditions which made it impossible to determine ulo(HD+); but the

conditions of the experiment required a strongly allowed transition,

which is consistent with the preceding. estimate. Bates and Poots

e 2%10-2 sec-! 14,15 +

also give an estimate of A sec for "'N"°N, which was the

10
value taken by Gordietz et al. for 14N15N; this is incorrect, as we

will show.

The dipole operator for charged species is

->

m, -m
> 1 2 (6)
i =e R-12
( ! 1m1+ mzs )

The first term, which arises only for ionic gpecies, is about 3 orders

larger than the second term (in electron coordinate i), which is how-
ever the only term contributing to Y10 for neutral species. This

accounts for the 7 orders' discrepancy between the value quoted by

Gordietz, which is appropriate only to ionic 14N15N+, and the estimate

made here of A,, = 1x10~2 gec? 1 14,15

for neutra N. Note also that

the term in % scales as 1/ua N (ml-mz)/mlm2 (Bunker, 1973), while that

in § scales as (ml-mz)/(m1+m2); this is reflected in the

14N15

a N+)/A10 (ap*) ratio being = 10-3, while for the neutrals,

10 (

A (14N15N)/A10(HD) = 1074, 1o put it bluntly, Gordietz (1978)

10
made a basic error in assuming A,, (14N15N) ='A10 (14N15N+), which
invalidates all his conclusions about this source of infrared radia-
tion.
Another possible source of infrared transition strength for homo-

polar molecules is quadrupole radiation. The Sl(O) quadrupole line

of HD was observed by McKellar (1974), from which he derived
-26

Q(1,0) =~ 0.) Debye - R (10 esuécmz). A theoretical estimate

Tt e e T T e
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(Cartwright and Dunning, J. Phys. B7, 1776 (1974)) for N, gives

Y o

(1,0) = 0.05 D-i, only half of the HD value; thus, the dominant

zZ
§5 radiation of N, in the 4.4-um region is expected to be quadrupole
E! transitions. . -
{ Conclusions .
- Infrared absorption of 115 i expected not to be observable
Ei with stated experimental conditions (0.2 atm, 20m path length, LS-3

diode laser spectrometer), by roughly two orders of magnitude. If

1

the Gordiets estimate of A,. = 2X10™ 2 sec~! had been correct, the

10
absorption coefficient would of course be enormous [tn (I,/I)>10 at

line center]; but it is so nearly certain to be jincorrect that a null

result can confidently be predicted. The considerations given above
saffice to show that the contribution of l‘ulsu to upper-atmosphere

infrared radiance can be neglected.

'''''''''''''''''''''
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